An updating strategy is designed to iteratively close the loop among fluid-flow simulation predictions and measured production history, predicted and observed 4D seismic data, and finally predicted and inverted impedance/impedance changes. The central ingredient in this scheme is the inversion to elastic property changes from the seismic in an engineering-consistent manner. The geometry, volumetrics, and transmissibility multipliers for the reservoir model are updated in three successive stages, and success is monitored by a comparison between the seismic and fluid-flow domains. The workflow is implemented on a West African field, where reservoir model improvements are obtained in combination with a consistency among model, impedance, and seismic domains.
Introduction
In this article, an approach for integrating engineering and 4D seismic data into a dynamic reservoir characterization workflow is discussed. This aims to update the fluidflow simulation model while simultaneously honoring all data sources from the engineering, seismic, and geologic domains. The starting point is in the reservoir-engineering domain, where the process of history matching has been used in updating procedures for several decades. This approach attempts to mathematically adjust the fluid-flow simulation model and/or the geologic model, until the predicted and observed historical well productions are in agreement (for example, Oliver et al., 2008) . This workflow may be regarded as closure of a small inner loop (Figure 1 ), and does not involve the seismic. For a decade, 4D seismic has also been included in history matching because it is known to supply important information on the dynamic behavior of the
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reservoir with which to constrain the nonunique process of history matching (Landa and Horne, 1997; Stephen et al., 2006) . Many approaches are possible for implementing this constraint. One is simply to match the production data and the 4D seismic simultaneously in a joint objective function as an extension of the history match. However, the degree of fit is known to depend on the initial geologic model created in turn by the 3D seismic. Thus, another approach is to build the geologic model using both the 3D and/or 4D seismic data and then production history match (Castro et al., 2006) . More recently, many more possibilities for closing the loops among 3D and 4D seismic data, production data and the simulation/geologic model have become possible with the advent of techniques to determine 4D impedance changes (El-Quair et al., 2005; Toinet et al., 2011) and pressure and saturation changes (Landrø, 2001; Tura and Lumley, 1999; MacBeth et al., 2006) . Figure 1 illustrates the various options now available for closing the loop, labeled as the reservoir, static, dynamic, and history-matching loops. The reservoir loop attempts to preserve the match to defined boundaries of the reservoir defined from the 3D seismic interpretation but also the 4D seismic. Importantly, it is common practice for the structural framework and property distributions of the reservoir to be defined by the 3D seismic only. However, this does not guarantee a fit to the 4D seismic. Mismatch between the presence/absence of a reservoir sand detected from 3D seismic and the observed 4D seismic response would not allow the loop to close between the predicted and observed 4D seismic. Staples et al. (2005) reinforced this point with an example from the Gannet-C field, in which joint reinterpretation of the 3D/4D seismic prompted the revision of the extent of a reservoir sand volume. In the dynamic loop, pressure and saturation changes estimated from 4D seismic are rarely used to match simulator predictions because of difficulties in achieving a satisfactory inversion and the unrepresentative nature of the simulation model (Huang et al., 2011) . Matching in the impedance domain offers a good balance between computation time and robustness. It is relatively easy to model a volume of impedance changes from the simulation model, and furthermore, techniques for inverting for 4D changes are now readily available. Examples of this approach include Guderian et al. (2003) in the Draugen field and Roggero et al. (2007) in the Girassol field, all with a reasonable degree of success.
Although there are many individual examples of model updating using one of the above approaches, there is a need for a more satisfactory workflow that attempts to honor all loops in Figure 1 . To address this challenge, here we propose a practical sequential workflow and apply it to a West African field. The scheme incorporates several benefits which help make the workflow tractable. In the first, the inevitable nonuniqueness associated with the 4D inversion is reduced by imposing a nonreservoir shales. V p /V s is found to have only a scattered relationship with the NTG, so this suggests that 3D interpretation by this route may be uncertain (Figure 2) .
In contrast, the acquired 4D seismic has a good repeatability with an average normalized root-mean-square (NRMS) value below 0.1 and a signal-to-noise ratio of as much as 6. The 4D seismic signature is employed to assist the determination of the active reservoir. Because of the high seismic resolution (dominant frequency of 65 Hz), reservoir changes inside a single sand channel are presented as a number of distinct cycles. The threshold envelope of the 4D seismic amplitudes is used to identify the major sand packages undergoing dynamic change. The example in Figure 3 shows that neither the inverted P-impedance nor V p /V s has the ability to clearly separate the reservoir sands from the surrounding shale along the main channel. However, it is found, in a similar exercise to that of constraint from the reservoir-engineering domain. The second is exploitation of a consistent grid for the inversion and simulation, to avoid rescaling issues. The focus of this workflow is to accomplish a comprehensive update in a sensible sequence of close-the-loop exercises.
An inversion-driven workflow for closing the loops
In this workflow, the loops described above are closed in a series of three stages that focuses on reservoir geometry, then volumetrics, and finally reservoir connectivity updating. In stage 1, the 3D and 4D signals are combined to capture a common reservoir. This solves the problem of observing a valid reservoir signal in the 3D seismic but no 4D seismic signal, which may indicate either a bypassed reservoir zone or an isolated reservoir segment. Alternatively, a 4D seismic signal but no 3D seismic signal indicates a need for a closer look at the 3D interpretation. After the necessary adjustments have been made, the second stage focuses on the inversion of the baseline (preproduction) 3D seismic into volumes of impedance and V p /V s using an initial background solution calculated from the simulation model. The results are then converted into porosity and net-to-gross values using the wireline logs. This closes the static loop in which the synthetic 3D seismic from the reservoir model now matches the observed data. After the new porosity and net to gross are in place, in the next stage, impedance-change predictions from the simulation model can now be compared directly to the inverted 4D seismic-impedance changes. The latter are inverted in a coupled inversion scheme according to an engineering constraint fed back from the simulation domain which encourages solutions that tend to converge to those that make sense in both domains. Finally, transmissibility multipliers in the simulation model are adjusted until the match for the dynamic and history-matching loop is improved.
Application to a West African field
The previously discussed updated workflow is tested on a West African field. This particular field has stacked unconsolidated turbiditic sands of several cycles. High solution gas-to-oil ratio and a reservoir pressure near bubble point are reported at the exploration stage, resulting in a large amount of liberated gas after early production. High-resolution time-lapse seismic are acquired two years prior to the first oil in December 2001 and then subsequently in 2002 and 2004. During the stage 1 update, the V p /V s ratio is derived from the baseline seismic by inversion, and higher-quality reservoir sands are identified. Petrophysical analysis of the well-log data suggests that an NTG cutoff of 0.40 separates reservoir sands from the surrounding Combining the 3D and 4D seismic interpretation, the resultant reservoir sand distributions are mapped onto the reservoir model grid to close the geometric loop. This reservoir architecture is then compared directly with the active reservoir cells in the initial simulation model (Figure 4) . The common cells are retained, and the missing cells are added to the initial model to cover all the observed 3D and 4D seismic signals. An extra 4% of cells are added, which in turn creates a 10% increase in the overall gross pore volume of the field. The new cells are found to lie mainly along the edges of the original channel complex rather than floating in an isolated manner (which would indicate a low probability of being correct). These additional cells are then given rock permeability and fluid property values of their neighbors so as to create a natural expansion of the reservoir. Because of the new cells, the model is now capable of matching both the observed 3D and 4D data.
In stage 2, the original NTG and effective-porosity values of the reservoir model are rescaled according to the inverted V p / V s , by utilizing the petrophysical relationship extracted from the well-log data. In the example, it is found that the resultant channel sand distribution is subject to a reduction of pore volume, and this in fact compensates for the pore-volume increase from the new cells inserted during the stage 1 update. However, the porosity and net to gross from stage 2 better construct the lateral heterogeneity in the reservoir. Because the lateral variations are input into the model from the observed 3D seismic, the synthetic 3D seismic response immediately matches the observed, which closes the static loop. However, a small degree of mismatch still exists because of the loss of details during the forward seismic modeling process because the reservoir model scale is coarser than that of the seismic ( Figure 5 ). 
(b) 4D amplitude envelope upscaled to the reservoir grid. (c) Cells of the reservoir model, defined by the overlap of the 3D and 4D data. Yellow cells represent active reservoir cells classified by the 4D envelope, red cells represent agreement between 3D and 4D, and blue indicates cells that the 3D alone classifies as reservoir. (d) Original distribution of reservoir cells in the model prior to update. (e) Updated distribution of reservoir cells. Red indicates the new cells which have been added to the model, green represents those in common between the model and the yellow cells in (c), and blue indicates the initial model unclassified by the 3D and 4D data.
To close the dynamic loop in stage 3, the reservoir impedance differences are now calculated by inverting the 2001 and 2002 seismic surveys in our engineering-consistent scheme. It is found that predictions from the new simulation model determined after stages 1 and 2 and the inverted impedance differences show a good degree of similarity. Features such as a general impedance decrease because gas injection can be observed in the upper formation of the reservoir ( Figure  6a ). However, visual discrepancy is found at the northern producer P-06, which is one of the two representative wells supported by the gas injectors INJ-GAS (Figure 6c ) in the center of the field. The reservoir model predicts that the reinjected gas is directly connected to wells P-05 and P-06, whereas our work suggests little presence of gas signal around P-06. The gas-to-oil ratio (GOR) data at well P-06 indicate that our solution appears consistent with the production history. A time slice from the deeper part of the reservoir shows that there is a reasonably good match between the model and our inversion for the southern water injector INJ-WAT ( Figure  6a ). The water sweep in the south resulted in a 5% impedance increase, whereas the unflooded reservoir is subject to a 5% to 10% impedance increase caused by the gas exsolution during depletion. Because saturation changes are the primary causes of 4D signals in the example, the transmissibility of the reservoir is considered to be the dominant factor in updating the dynamic loop because it determines the total amount of fluid exchange arising from the well-injection and production rates. The 4D inversion results are superimposed onto the reservoir grid and quantitatively compared with the model predictions. A discrepancy cube is then obtained which is used as guidance to manually adjust the fluid-flow predictions by fine-tuning the transmissibility field predictions to the observations. This procedure reveals that transmissibility in the northern area of the field should be reduced by 60%, but in the south, it should be increased by 30% (Figure 7 ). Following this stage 3 update, we observe that the production match remains fairly good and does not significantly change, whereas the predicted 4D seismic improves throughout (Figure 8) , and the dynamic loop is closed progressively. Figure 9 summarizes the evolution of the production profile through the three update stages. With the new cells, the overall reservoir volume is increased by 10% and then reduced after recalibration of the porosity and NTG values. Thus, the pressure profiles remain similar in all of the loops. The solution gas-oil ratio and water cut, two important parameters in the history-matching process, diverge initially from the recorded history before improving again with the static and dynamic loops. The southern producer P-02 has the most significant improvement in its prediction of water breakthrough, where the initial prediction is one year later than the observed until the volumetric and transmissibility revision is applied. In Figure 10 , the degree of match is displayed for different stages of the workflow. The synthetic and observed 3D and 4D seismic maps start with a moderate fit. With the addition of new cells, the production match is initially degraded before stage 2, in which the volumetrics are updated. With realistic volumetrics and reservoir heterogeneities, the match to 3D seismic and production data is improved immediately, with a consequent improvement in the 4D match. In stage 3, the match to 3D seismic and production history stays more or less the same, and the 4D seismic match improves significantly. 
Conclusions
A workflow is designed and applied to reconcile 3D and 4D seismic data, along with the simulation model and historical production data. At the heart of this procedure is an engineering-consistent 4D inversion which uses prior constraints from the simulation model to influence the seismic inversion. Several stages of closing the loop are proposed, and the successful implementation of the geometric, volumetric, and dynamic updates has been addressed in a sequential workflow. It is believed that this particular workflow is more efficient than a conventional seismic history-match approach because the seismic response improves gradually toward a better match to the observed seismic data. ENI, ExxonMobil, Hess, Ikon Science, Landmark, Maersk, Nexen, Norsar, Petoro, Petrobras, RSI, Shell, Statoil, Suncor, Taqa, TGS, and Total) 
